X-ray Structure of the C-Terminal Domain of a Prokaryotic Cation-Chloride Cotransporter  by Warmuth, Stefan et al.
Structure
ArticleX-ray Structure of the C-Terminal Domain
of a Prokaryotic Cation-Chloride Cotransporter
Stefan Warmuth,1 Iwan Zimmermann,1 and Raimund Dutzler1,*
1Department of Biochemistry, University of Zurich, Winterthurerstrasse 190, CH-8057 Zu¨rich, Switzerland
*Correspondence: dutzler@bioc.uzh.ch
DOI 10.1016/j.str.2009.02.009SUMMARY
The cation-chloride cotransporters (CCCs) mediate
the electroneutral transport of chloride in depen-
dence of sodium and potassium. The proteins share
a conserved structural scaffold that consists of a
transmembrane transport domain followedby acyto-
plasmic regulatory domain. We have determined the
X-ray structure of the C-terminal domain of the
archaea Methanosarcina acetivorans. The structure
shows a novel fold of a regulatory domain that is
distantly related to universal stress proteins. The
protein forms dimers in solution, which is consistent
with the proposed dimeric organization of eukaryotic
CCC transporters. The dimer interface observed in
different crystal forms is unusual because the buried
area is relatively small and hydrophilic. By using
a biochemical approach we show that this interac-
tion is preserved in solution and in the context of
the full-length transporter. Our studies reveal struc-
tural insight into the CCC family and establish the
oligomeric organization of this important class of
transport proteins.
INTRODUCTION
The cation-chloride cotransporters (CCC) constitute a large and
ubiquitous family of secondary active ion transport proteins that
mediate the coupled flow of Cl and the cations Na+ or K+ across
the plasma membrane. In humans the family encompasses nine
members that are grouped in different subbranches depending
on the nature of the cation that balances the negative charge
of Cl during electroneutral cotransport (Gamba, 2005). Although
the two sodium-potassium-chloride cotransporters (NKCC1 and
NKCC2) and the sodium-chloride cotransporter (NCC) mediate
the uptake of Cl into the cell powered by the energy stored
in the electrochemical potential of Na+, the four potassium-
chloride cotransporters (KCC1–KCC4) use the transmembrane
K+ gradient to extrude Cl from the cytoplasm into the extracel-
lular medium. Two orphan members have not been assigned to
any of the three subgroups (Gamba, 2005). The family members
are involved in a variety of physiological processes ranging from
the transport across epithelia of the kidney to the control of the
cell volume and the regulation of electrical excitability in neurons
(Gamba, 2005; Payne et al., 2003). Their importance is also
emphasized by mutations in NKCCs and NCCs that cause kidney538 Structure 17, 538–546, April 15, 2009 ª2009 Elsevier Ltd All righdiseases such as Bartter’s and Gitelman’s syndrome, and by
the fact that malfunction in KCCs has been connected to
neuropathies as epilepsy and trauma (Hebert et al., 2004; Payne
et al., 2003). NKCCs and NCCs are the receptors for loop
diuretics, a major family of drugs involved in the treatment of
hypertension, whereas KCCs have been proposed as potential
targets for the treatment of epilepsy and sickle cell anemia
(Hebert et al., 2004).
Despite the differences in the selectivity of the transported
ions and the direction of transport in a cellular context, all family
members share a common structural framework that consists
of a highly conserved transmembrane domain that is framed
by hydrophilic regions on its N and C terminus that are both
located in the cytoplasm (Figure 1A) (Isenring and Forbush,
2001; Park and Saier, 1996). Functional investigations in different
NKCCs have located conserved sequence stretches in the
transmembrane domain that play a critical role for ion binding
and transport (Isenring et al., 1998a, 1998b). The extended cyto-
plasmic N terminus is poorly conserved, of variable length, and
has a large degree of predicted disorder, and might thus be
unstructured (see Figure S1 available online). The C terminus, in
contrast, is predicted to fold into a compact structure. The
moderate sequence conservation of this region, although it is
considerably lower than in the transmembrane domain, suggests
that its structure is conserved throughout the family. Cytoplasmic
components that are attached to the transmembrane catalytic
domain are frequently found in transmembrane transport proteins
and have in several families been shown to play an important role
in the regulation of transport in response to cellular signals (Bara-
bote et al., 2006). Although the role of the cytoplasmic domains of
CCC transporters is still poorly understood, both regions have
been implicated to be involved in regulatory processes. For
example, the N terminus in NKCC1 carries recognition sites for
kinases that were shown to modulate transport activity upon
phosphorylation (Dowd and Forbush, 2003; Gimenez and
Forbush, 2005), and the C terminus of KCCs was found to be
involved in the activation of the protein in response to cell swelling
(Mercado et al., 2006).
Although CCC transporters were originally discovered in
animals, the recent abundance of genomic sequence informa-
tion has allowed the identification of prokaryotic homologs of
the family. Although smaller than their eukaryotic counterparts,
the proteins share the most important structural features and
probably also the basic mechanisms of transport. As among eu-
karyotic transporters, the sequence similarity is strongest in the
transmembrane domain where several regions of functional
importance are conserved (Figure 1B). The mismatch in size is
due to insertions at both termini and in presumed loop regionsts reserved
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CCC Domain StructureFigure 1. Conservation of CCC Trans-
porters
(A) Putative topology of a CCC transporter. The 12
hydrophobic regions attributed to potential trans-
membrane spanning segments are represented
in gray. The putative loop region that bridges
segments two and three that has been shown to
be critical for ion binding is colored in green. The
two subdomains of the C-terminal cytoplasmic
domains are colored in red and blue, respectively.
(B) Pairwise sequence alignment of MaCCC
(MA4506) and human NKCC2 (SLC12A). The align-
ment was made with ClustalW (Thompson et al.,
1994) followed by manual adjustments in the
region of the cytoplasmic domain (in accordance
with the alignment shown in Figure S2). Identical
residues are colored in red. The numbering corre-
sponds to MaCCC. Elements of secondary struc-
ture are indicated above (hydrophobic stretches
of the transmembrane domains are shown as
helices and colored in gray, and the two halves of
the cytoplasmic domain are colored in red and
blue, respectively).in eukaryotic transporters. Several of these inserted sequences
are predicted to be unstructured (Figure S1). The long cyto-
plasmic N terminus is missing in prokaryotic transporters,
whereas the C-terminal domain, although shorter, is essentially
preserved. Similar to eukaryotic CCC transporters, the conser-
vation in the C-terminal domain is lower than in the transmem-
brane part. However, a careful sequence alignment between
different pro- and eukaryotic transporters suggests that its over-
all organization is conserved (Figures 1B and S2).
Although the transport properties and pharmacology of
different members of the CCC family have been the subject of
investigations during the last few years (Gamba, 2005), our
knowledge of the structural organization of these proteins is still
scarce. Different biochemical studies employing chemical
crosslinking have suggested that the transporters form homo-
dimers and that the C-terminal domain plays an important role
in dimer stability (Moore-Hoon and Turner, 2000; Parvin et al.,
2007). Apart from their oligomeric organization, the structural
constituents of the family are unknown.
Here we present the structure of the isolated cytoplasmic
domain of a prokaryotic CCC transporter from the archaeaMeth-
anosarcina acetivorans (MaCCC). The structure has an a/b fold
that is distantly related to universal stress proteins. The protein
forms dimers in solution and different crystal forms disclose
a dimeric organization with an unusual interface that is relatively
small and hydrophilic. In an attempt to probe whether this inter-
face is conserved in solution, we have disrupted dimerization by
removing critical interactions by mutagenesis and we have intro-
duced cystein residues in adjacent positions to form specific
intersubunit crosslinks. By using the same mutations to crosslink
the full-length transporter, we show that the interactions are
preserved in the context of the transmembrane protein. Our
studies thus reveal first structural insight into the cytoplasmic
domains of CCC transporter and establish an oligomeric organi-
zation that is likely general for the family.Structure 17,RESULTS
Domain Structure
The cation-chloride cotransporter MaCCC is a 758-residue-long
protein that is closely related to its mammalian counterparts. The
largest homology is to the branch that includes the sodium-
dependent transporters NKCC1, NKCC2, and NCC. MaCCC
shares 24% of identical residues in a pairwise sequence align-
ment with human transporter NKCC2 (Figure 1B). The sequence
conservation in the transmembrane region (31% of identical resi-
dues) is significantly higher than in the cytoplasmic domain (12%
of identical residues). Similar to other bacterial CCC transporters,
the long cytoplasmic N-terminal region is absent. In an attempt to
reveal the structural organization of the cytoplasmic components
of CCC transporters, we have cloned the isolated C-terminal
domain of MaCCC. The domain was expressed as soluble
protein, and was purified and crystallized. The structure was
determined by X-ray crystallography at 1.9 A˚ resolution with
phases obtained by the selenomethionine (SeMet) single-wave-
length anomalous dispersion (SAD) method (Figures 2A and
S3). This crystal form is of space group P3221 with one copy of
the domain in the asymmetric unit. The cytoplasmic domain of
MaCCC contains 288 amino acids and forms a compact trape-
zoid-shaped elongated structure with overall dimensions of
30 3 40 3 60 A˚ (Figures 2B–2D). The protein has a mixed
a/b fold and consists of two structurally related subdomains.
Each subdomain contains a central five-stranded parallelb sheet.
The b strands are, with exception of a loop connecting b8 and b9
in the second subdomain, bridged byahelices that pack on either
face of the sheet. One helix, a1 in the first subdomain, is kinked
halfway at the position of a glycine residue. Both subdomains
are related by a pseudo two-fold arrangement with an axis
located in the center of the two terminal b strands. The resulting
antiparallel orientation of b5 and b10 connects the two elements
of secondary structure to a continuous ten-stranded twisted538–546, April 15, 2009 ª2009 Elsevier Ltd All rights reserved 539
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CCC Domain Structureb sheet. The extensive contact surface between the two subdo-
mains encompasses 2790 A˚2 and includes, next to the central
two-stranded antiparallel b sheet, interactions between residues
in helices and loop regions. This domain structure shows resem-
blance to dimers of bacterial universal stress proteins (USP) that
have been implicated to play an important role in signaling in
bacteria and plants, although there is no relationship on the level
of sequence (Figure S4) (Kvint et al., 2003).
Despite the moderate conservation in the cytoplasmic region,
there is evidence that the structure of the MaCCC domain
is preserved throughout the family. A sequence comparison
between different prokaryotic domains and the domain of human
NKCC2 aligns the elements of secondary structure observed in
MaCCC and puts long insertions of the human protein into loop
regions (Figures 1B and S2). This alignment also places the
regions of largest conservation into the hydrophobic core, as
expected for proteins that share the same fold (Figure 2E). The
analysis of the sequence of the human protein with respect to
its probability to fold into a defined structure reveals that several
of the long insertions are likely unstructured (Figure S1). This
Figure 2. Structure of the MaCCC Domain
Subunit
(A) 2Fo-Fc electron density of a representative
region of the MaCCC domain. The electron density
(calculated at 1.9 A˚ resolution and contoured at 1s)
is shown superimposed on selected residues.
(B) Stereoview of a C-a trace of the MaCCC
domain. Selected residues are labeled according
to their position in the MaCCC sequence.
(C) Topology of the MaCCC domain. The two sub-
domains are colored in red and blue respectively.
(D) Ribbon representation of the MaCCC domain
in two orientations. The relationship between the
two views is indicated. The color coding is as in C.
(E) Stereo representation of a trace of the MaCCC
backbone. The thickness and color coding repre-
sents the conservation of the respective region in
a multiple sequence alignment of the domains
from different organisms as shown in Figure S2.
The range is from highly conserved residues dis-
played as thin blue tubes to poorly conserved
regions displayed as thick orange tubes.
Figures 2–4 were prepared with DINO (www.
dino3d.org).
distribution of long unfolded regions
inserted between elements of secondary
structure might thus account for the fact
that, despite the overall conservation of
its structure, the size of the domains
ranges from 288 to over 450 residues.
Oligomeric Organization
The investigation of the sedimentation
properties of the MaCCC domain in
solution by analytical ultracentrifugation
reveals the presence of higher oligomers.
Proteins containing a His6-tag (which was
used for purification) sediment with an
apparent molecular weight correspond-
ing to a hexamer at high pH (Figure S5). Upon lowering the pH,
the hexamers dissociate into smaller units that sediment as
dimers. A dimeric organization of the protein in a broad pH range
is also observed after proteolytic cleavage of the His-tag at
a specific site at the C terminus of the domain. The dimeric orga-
nization is consistent with crosslinking studies on different
human family members that were suggested to form homo-
dimers. Because the oligomeric organization of the family
appears to be preserved in the structures of the MaCCC domain,
it is obviously interesting to see whether this organization would
be revealed in the crystals. The crystals that allowed the struc-
ture determination of the MaCCC domain at high resolution
were obtained from protein that included the His6-tag, which
was not defined in the electron density. Although the asymmetric
unit of this crystal form contains only one copy of the protein,
a pair of interacting domains is related by two-fold crystallo-
graphic symmetry. A dimer of the protein as observed in this
crystal form is shown in Figure 3. The two subunits bind via
two discontinuous regions on the surface in a ‘‘head to tail’’
arrangement (Figure S6). This oligomeric structure brings540 Structure 17, 538–546, April 15, 2009 ª2009 Elsevier Ltd All rights reserved
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CCC Domain StructureFigure 3. Oligomeric Organization of the MaCCC Domain
(A) Ribbon representation of the MaCCC domain dimer. The two subunits are colored in green and orange, respectively. Left: The view is from the outside of the
cell; both termini and selected secondary structure elements contributing to the dimer interface are labeled. The position of the symmetry axis is indicated. Right:
The view is parallel to the membrane.
(B) Stereo view of the interaction region. The residues of one of the two equivalent patches in the interaction interface are shown. The orientation and color coding
is as in (A), right panel. The ionic interactions of Arg 627 are indicated as dashed lines. Selected residues are labeled.residues located on a helices 1 and 2 in one subunit into prox-
imity to residues located in the loop connecting b strands 5
and 6 in the second subunit. The dimeric protein forms
a disk-like structure with overall dimensions of 65 3 55 3 35
A˚ that places the respective N and C termini of both subunits
at the same side (Figures 3A and S6). The interactions bury
1579 A˚2 of the combined molecular surface, the equivalent of
6% of the total surface. Apart from main-chain contacts
between glycine residues, most of the interactions are hydro-
philic and involve ionizable residues as arginines and gluta-
mates that form intersubunit salt bridges and hydrogen bonds
(Figure 3B). Several features of the interface observed in the
crystal form of the MaCCC domain are unusual for native
protein-protein interactions. (1) The buried interface that
includes only 6% of the combined molecular surface is compa-
rably small. (2) The interactions are mainly hydrophilic and do
not contain an extended hydrophobic component that is usually
believed to be an important driving force for oligomerization. (3)Structure 17Finally, the interacting residues are not conserved between
different family members (Figures 2D and S2). It is thus not
obvious whether this protein-protein interface represents the
interaction between the domains in solution and in the context
of the dimeric full-length transporter, or whether it merely
shows contacts that were formed during crystallization of the
MaCCC domain.
Dimeric Relationships in Different Crystal Forms
To probe whether the intersubunit interactions found in the
P3221 crystal form of the MaCCC domain would also be
observed in different crystalline environments, we subjected
the protein to broad crystallization screening. By using a
construct of the protein where the His-tag was removed, we suc-
ceeded with structure determination of two novel crystal forms
of space groups C222 and I41 with two and four copies of the
protein in the asymmetric unit, respectively (Figure S7). The
structure of the individual subunits is in all cases very similar to, 538–546, April 15, 2009 ª2009 Elsevier Ltd All rights reserved 541
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CCC Domain Structurethe conformation observed in the original crystal form. Both new
crystal forms contain pairs of tightly interacting domains that are
related by two-fold symmetry with one arrangement corre-
sponding to the original head-to-tail interaction that was found
in the P3221 crystal form. In the second arrangement, two
subunits are interacting via one of the small faces of the trape-
zoid structure in a ‘‘head to head’’ interaction, thereby forming
an elongated molecule that buries 881 A˚2 (i.e., 3.6%) of the
combined molecular surface and that places the two termini at
opposite faces of the oligomeric structure (Figure S8). Our
attempts to investigate the interactions of pairs of MaCCC
domains in different crystal forms has allowed us to locate the
previously observed interface in a head-to-tail dimer, thus sug-
gesting that this interaction is robust. The new crystal forms
have also revealed a second head-to-head interaction interface
that, although smaller than the initially identified arrangement,
provides an alternative possibility for intersubunit interactions.
Probing the Interaction Interface by Mutagenesis
To investigate whether the intermolecular interactions observed
in the different crystal forms of MaCCC would be preserved in
solution, we mutated residues that are buried in the two different
Figure 4. Analytical Ultracentrifugation and
Crosslinking Experiments
(A) Distribution of the sedimentation coefficient
(c[s]) as calculated from sedimentation velocity
experiments for the WT MaCCC domain (—) and
the domain mutant R627A (- - -). The His-tag was
in both cases cleaved off. The oligomeric state
(d, monomer; dd, dimer) is indicated. A view of
selected residues in the dimer interface shows
the interactions of Arg 627 (*) with the neighboring
subunit.
(B) Silver-stained SDS-PAGE of the purified
MaCCC domain and the domain double mutant
E505C/Q622C under oxidizing (ox) and reducing
(red) conditions. The molecular weight of protein
standards and the positions of the monomeric
and dimeric proteins are indicated. A view of the
dimer interface from the cytoplasm shows the
relationship of the residues in the two subunits.
Residues belonging to the second subunit are
marked (*), and the dimer axis is indicated.
(C) Crosslinking of the purified full-length trans-
porter. Silver-stained SDS-PAGE of full-length
MaCCC (left) and the full-length double mutant
E505C/Q622C (right). The molecular weight of
protein standards and the positions of the mono-
meric and dimeric proteins are indicated.
dimer interfaces. By inspection of the
head-to-tail arrangement of the P3221
crystal forms, we identified a prominent
role for Arg 627 in intersubunit interactions
(Figure 3B). The positively charged side
chain that projects into the dimer interface
forms a pair of salt bridges with two gluta-
mate residues (Glu 550 and Glu 551) that
are located at the C terminus of a helix 2
of the adjacent subunit, whereas its gua-
nidinium group is involved in intersubunit stacking interactions
with the aromatic side chain of a phenylalanine residue (Phe
510). The truncation of the side chain to alanine removes this
network of interactions. The increase of the elution volume in
size-exclusion chromatography of the mutant R627A already
hinted at a smaller size of the protein. Subsequent analysis of
the molecular weight by analytical ultracentrifugation revealed
a slower sedimentation behavior that corresponds to a mono-
meric protein (Figure 4A). The experiments show that the trunca-
tion of Arg 627 leads to a disruption of the MaCCC domain dimer,
and thus indicate that this residue plays an important role in inter-
subunit interactions in solution.
In a second set of experiments, we aimed to probe the prox-
imity of residues in the dimer interface by cystein mutagenesis
followed by the formation of an intermolecular disulfide bridge
that crosslinks the two domains under mildly oxidizing condi-
tions. Based on the structure, we chose a pair of residues that
are at a suitable distance in the head-to-tail dimer to permit the
formation of an intersubunit disulfide bond. The double mutant
E505C/Q622C allowed us to express soluble protein that cross-
links two subunits under oxidizing conditions (Figure 4B). The
mutation of either Leu 538 or Ile 559, which are both located at542 Structure 17, 538–546, April 15, 2009 ª2009 Elsevier Ltd All rights reserved
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CCC Domain Structurethe position of the two-fold symmetry axis in the head-to-head
dimer, in contrast, failed to form crosslinks, and the double
mutant L538A/I559A showed the same dimeric sedimentation
behavior as the wild-type (WT) (Figure S8).
In both sets of experiments, the disruption of the head-to-tail
dimer by the mutation of a critical residue in the interaction inter-
face and the formation of site-specific disulfide bonds between
pairs of close-by residues strongly suggest that the head-to-
tail dimer, which was observed in several crystal forms, depicts
the interaction between pairs of MaCCC domains in solution.
To investigate whether this interaction is also preserved in the
context of the full-length protein, we expressed the transmem-
brane MaCCC transporter and its double mutant E505C/Q622C
and studied the formation of the crosslink after extraction and puri-
fication (Figure 4C). The fact that the intersubunit crosslink was
formed in the double mutant but not in the WT protein strongly
suggests that the observed interface is preserved in the full-length
protein where the cytoplasmic domains are attached to the C
terminus of the transmembrane domain. Our results thus establish
the structure of the cytoplasmic components of CCC transporters,
support the previously observed homodimeric organization of the
proteins, and reveal an interaction for the MaCCC domains that
might be general for the family.
DISCUSSION
The structure of the cytoplasmic domain of MaCCC, a prokary-
otic member of the cation-chloride cotransporter family, has
shed first structural insight into this important family of
secondary active ion transport proteins. The domain folds into
a compact structure that consists of two structurally related sub-
domains that distantly resemble proteins of the USP family (Kvint
et al., 2003). Although the sequences encoding for the C-terminal
domains are only moderately conserved, there is evidence that
the structure is representative of the entire family. The difference
in size of this protein component, which ranges from about 300
residues in prokaryotes to up to 450 residues in eukaryotic trans-
porters, is due to insertion of loop regions in the latter that likely
do not fold into compact structures. The conservation of the
structural organization of CCC transporter cytoplasmic domains
is consistent with experiments on the human transporter
NKCC2. In biochemical studies it was shown that two comple-
mentary fragments of the isolated C terminus, each containing
the region of either one subdomain identified in the MaCCC
transporter, can interact in solution and thus be recovered in
pull-down experiments (Simard et al., 2004).
Different mammalian members of the CCC family have previ-
ously been identified to form homodimers and the C terminus
was proposed to play an important role for dimer stability
(Moore-Hoon and Turner, 2000; Parvin et al., 2007). In accor-
dance with these studies, we found that the isolated domain of
MaCCC forms stable dimers in solution. The structure of the
protein in different crystal forms has allowed us to identify an
oligomeric arrangement with an unusual protein interaction-
interface that is comparably small, hydrophilic, and not
conserved in sequence. Yet, different biochemical experiments
on the isolated domains and the full-length transporter have
shown strong evidence that the observed interface is preserved
in solution and in the context of the full-length transporter.Structure 17,Because of the low sequence conservation in the buried inter-
face, it is difficult to predict whether this mode of interaction is
common to members of the CCC family. There are, however,
structural constraints that limit the conformational freedom of
these components in the full-length transporter. Each domain
is connected to the C terminus of the transmembrane part via
a short linker and probably interacts with residues in intracellular
loops. It is thus remarkable that the region in the cytoplasmic
domain that surrounds its N terminus harbors the most
conserved patches on the surface of the molecule (Figure 2E).
Because interactions with the transmembrane domain would
restrict the accessible range of intersubunit interactions, it is
conceivable that besides the structure of the C-terminal domain
also its oligomeric organization is preserved throughout the
family. In light of the poor conservation in the interface, it is note-
worthy that previous studies have identified the cytoplasmic
domains of CCC transporters to be critical elements in subunit
recognition. For example, chimeras of the transmembrane part
of NKCC1 and the domains of the closely related NKCC2 failed
to dimerize with WT NKCC1, whereas they formed homodimers
of chimeric subunits, thus suggesting that the domains not only
significantly contribute to the dimer stability, but are also the
main determinants for specificity and in that way prevent
the formation of heterodimers between different members of
the family (Parvin et al., 2007). The poor conservation of the
interaction interface could thus reflect this demand on subunit
specificity.
The role of the cytoplasmic domains for transporter function is
currently not understood. In other families of transport proteins,
however, such cytoplasmic components have been found to
play an important role in the regulation of transport activity in
response to the interaction with intracellular ligands (Meyer
et al., 2007; Zagotta et al., 2003). Different experiments on
members of the CCC transporters suggest that these folded
protein components could play a similar role, but the mechanism
of this process still awaits experimental clarification (Bergeron
et al., 2006; Mercado et al., 2006; Pedersen et al., 2008). The
results of our study provide a structural framework for the cyto-
plasmic domains of CCCs and can serve as basis for future
investigations on a family that, despite its large physiological
importance, still lacks detailed mechanistic insight.
EXPERIMENTAL PROCEDURES
Protein Preparation
The gene encoding the full-length cation-chloride cotransporter from Metha-
nosarcina acetivorans (MaCCC, accession number MA4506) and a fragment
encoding the cytoplasmic domain encompassing residues 474–758 were
cloned into a pET28-b+ vector (Novagen) to generate constructs of the
proteins followed by a C-terminal herpes simplex (HRV) 3C protease site
(GE Healthcare) and a His6-tag. A second construct of the MaCCC domain
was similar but lacked the 3C protease site. For expression of the MaCCC
domain E. coli BL21 (DE3) cells transformed with the expression construct
were grown at 37C in LB medium containing 50 mg/ml kanamycin to an
OD600 of 0.6. Expression was induced by addition of 0.5 mM isopropyl-D-thi-
ogalactopyranoside at 37C for 3 hours. Cells were harvested and lysed with
an Emulsiflex high-pressure homogenizer (Avestin) in 50 mM Tris-HCl (pH 8),
150 mM NaCl (buffer A) with addition of 1 mg/ml lysozyme, 20 mg/ml DNase,
1 mg/ml leupeptin, 1 mg/ml pepstatin, and 1 mM phenylmethyl sulphonyl fluo-
ride. The lysate was cleared by centrifugation and the protein was purified by
affinity-chromatography on a Ni-NTA column (Quiagen). For constructs538–546, April 15, 2009 ª2009 Elsevier Ltd All rights reserved 543
Structure
CCC Domain StructureTable 1. Data Collection and Model Refinement Statistics
Native SeMet C222 P41
Data Collection Synchrotron Synchrotron Synchrotron Synchrotron
Space group P3221 P3221 C222 P41
Cell dimensions 68.0, 68.0, 137.0 68.3, 68.3, 137.3 46.3, 216.7, 140.8 105.4, 105.4, 257.4
a = b = g 90, 90, 120 90, 90, 120 90, 90, 90 90, 90, 90
Wavelength (A˚) 0.964 0.979 1.0 1.0
Resolution (A˚) 50-1.9 50-2.1 50-3.0 50-2.85
Rsym
a 6.6 (38.3) 7.6 (26.9) 9.0 (26.7) 5.7 (33.8)
I/sI 20.2 (3.6) 25.9 (4.9) 12.1 (3.0) 15.5 (2.5)
Completeness (%) 95.6 (74.6) 97.8 (80.8) 89.7 (77.0) 99.8 (99.2)
Mosaicity () 0.42 0.28 0.90 0.20
Refinement
Resolution (A˚) 10-1.9 10-3.0 10-2.85
No. of reflections 28 226 12 813 29 634
Rwork
b / Rfree
c 19.8 (23.2) 25.1 (30.9) 25.1 (30.3)
Number of protein atoms 2050 4100 8200
Number of waters 129
Rmsd length (A˚) 0.007 0.008 0.007
Rmsd angles () 1.06 1.25 1.04
Average B-factor 55.7 (54.6) 73.7 118
Values for the highest-resolution shell are given in parentheses.
a Rsym = SjIi- < Ii > j/ SjIij, where Ii is the scaled intensity of the ith measurement and < Ii > is the mean intensity for that reflection.
b Rwork = SjjFoj-jFcjj/ SjFoj, where Fo and Fc are the observed and calculated structure factor amplitudes, respectively.
c Rfree was calculated using a randomly selected 10% sample of the reflection data omitted from refinement.containing the 3C protease cleavage site, the protein was digested with HRV
3C protease (GE Healthcare) to remove the His6-tag. After concentrating the
protein, it was subjected to gel filtration on a Superdex 200 column (GE Health-
care). For preparation of selenomethionine-labeled protein, the bacterial
culture was grown in minimal medium containing 50 mg/l selenomethionine.
For expression of full-length MaCCC, transformed E. coli BL21 (DE3) cells
were grown in autoinduction media supplemented with 50 mg/ml kanamycin
at 30C overnight. Cells were harvested and lysed as described above. The
lysate was cleared by low-spin centrifugation. Membranes were isolated by
ultracentrifugation and the proteins were extracted in buffer A containing
1% n-decyl-b-D-maltoside (DM, Anatrace, Inc.). All subsequent purification
steps were as described above but with addition of 5 mM DM in all buffer
solutions.
Mutations were inserted with the QuikChange method (Stratagene) and
confirmed by sequencing. Mutant proteins were purified following the same
protocol as for WT. For crosslinking studies, all constructs had the His6-tag
removed. The respective disulfide bridges formed spontaneously upon expo-
sure to air or after addition of 1mM Na2S4O6 and were reduced by addition of
b-mercaptoethanol. The proteins were analyzed by SDS-PAGE.
Analytical Ultracentrifugation
Sedimentation velocity experiments were performed with a Beckman model
XL-I analytical ultracentrifuge with a 50-Ti rotor at 4C. Double-sector center-
pieces were filled with 400 ml protein samples and 420 ml buffer A. Data were
acquired at 280 nm in continuous-scan mode in 0.003 cm intervals at a rotor
speed of 40,000 rpm. Sedimentation analysis of the MaCCC cytoplasmic
domain and the mutant R627A was performed at protein concentrations of
15 mM. The His6-tag was removed unless stated explicitly. Data analysis
was performed with the c(S) module of Sedfit (Schuck, 2000; Schuck et al.,
2002). The buffer parameters, partial-specific volume of the protein, and the
corrected sedimentation coefficients S20W were calculated by using Sednterp
(Laue et al., 1992). For data used in this analysis, the root-mean-square devi-
ations of all the fits were between 0.005 and 0.01.544 Structure 17, 538–546, April 15, 2009 ª2009 Elsevier Ltd All righCrystallization and Crystal Preparation
All crystals were obtained by sitting drop vapor diffusion. Purified protein with
a concentration of 8–15 mg/ml was mixed in a 1:1 ratio with reservoir solution
and was equilibrated against the reservoir. Crystals of the MaCCC domain in
a trigonal crystal form were grown from protein construct lacking the 3C protease
site and thus had the His6-tag attached. The reservoir solution contained 100 mM
MES (pH 6.5) and 1.1 M MgSO4. Crystals grew after 1–3 days at 4C in space
group P3221 with one copy of the MaCCC domain in the asymmetric unit. Crys-
tals of the MaCCC domain in the orthorhombic and tetragonal crystal forms were
grown from protein where the His6-tag was removed. Crystals in the ortho-
rhombic crystal form were grown in a reservoir solution containing 100 mM
sodium acetate (pH 4.6) and 750 mM MgCl2. Crystals grew after 6 days at
20C in space group C222 with two molecules in the asymmetric unit. Crystals
of the tetragonal crystal form were grown from reservoir solution containing
100 mM Tris (pH 8.5) and 3.9 M ammonium chloride. Crystals grew after
4 days at 20C in space group I41 with four copies in the asymmetric unit. For cry-
oprotection, the crystals in all three crystal forms were successively transferred
into mother liquor containing increasing amounts of glycerol to a final concentra-
tion of 35%, flash-frozen in liquid propane, and stored in liquid nitrogen.
Crystallography
Data sets were collected on frozen crystals on the X06SA beamline at the
Swiss Light Source of the Paul Scherrer Institut on a Mar225 CCD detector
(Marresearch). The data were indexed, integrated, and scaled with the
programs XDS (Kabsch, 1993), DENZO, and SCALEPACK (Otwinowski and
Minor, 1997), and further processed with CCP4 programs (Table 1) (CCP4,
1994). The structure of the P3221 crystal form was determined by the SAD
method using the anomalous contributions of Se-atoms in a crystal containing
protein where methionine residues were replaced by selenomethionine. The
Se-sites were identified with SHELX C and D (Pape and Schneider, 2004;
Schneider and Sheldrick, 2002) and refined with SHARP (de La Fortelle and
Bricogne, 1997). Phases were improved by solvent flattening in DM (Cowtan,
1994). The model was built in O and refined by simulated annealing with the
program CNS (Brunger et al., 1998) alternated with inspection and manualts reserved
Structure
CCC Domain Structurerebuilding in O. In later stages, the refinement proceeded in a native dataset at
1.9 A˚ resolution with PHENIX (Adams et al., 2002). Individual B-factors were
refined and water molecules were placed into residual electron density. Rfree
was calculated by selecting 10% of the reflection data that were omitted in
refinement. Twenty-eight residues at the N terminus and in loop regions
were not defined in the electron density and are thus not included in the model.
The final has R/Rfree values of 19.8% and 23.2%, good geometry and no
outliers in the Ramachandran plot. The structures of the C222 and I41 crystal
forms were determined by molecular replacement with PHASER (McCoy et al.,
2007) using the refined MaCCC domain structure as search model and refined
in PHENIX maintaining tight NCS constraints.
ACCESSION NUMBERS
Coordinates have been deposited with the Protein Data Bank under code
3G40.
SUPPLEMENTAL DATA
Supplemental Data include eight figures and Supplemental References
and can be found with this article online at http://www.cell.com/structure/
supplemental/S0969-2126(09)00090-2.
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